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Abstract—Rainfall can disrupt the balance of natural soil slope. 
This imbalance will be accelerated by existence of cracks in soil 
slope, which lead to decreasing shear strength and increasing 
hydraulic conductivity of the soil slope. Some research works 
have been conducted on the effects of surface-cracks on slope 
stability. However, the influence of deep-cracks is yet to be 
investigated. Limited availability of deep crack data due to the 
lack of effective sub-soil investigation methods could be one of the 
obstacles. To emphasize the effects of deep cracks in soil slope on 
its rain-induced instability, a natural soil slope in Indonesia that 
failed in 31st October 2010 due to heavy rainfall was analyzed for 
stability with and without deep cracks in the slope. The slope 
stability analysis was conducted using SLOPE/W coupling with 
the results of transient seepage analysis (SEEP/W) that simulate 
the pore-water pressure development in the slope during the 
rainfall. The results of Electrical Resistivity Tomography (ERT) 
survey, bore-hole tests and geometrical survey conducted on the 
slope before its failure were used to identify the soil layers’ 
stratification including deep cracks, the properties of different 
soil layers, and geometrical parameters of the slope for the 
analysis. The results showed that it is vital to consider the 
existence of deep crack in soil slopes in analysing their instability 
induced by rainfalls 
Keywords- Unsaturated soil slope, soil slope investigation, deep-
cracks, transient seepage in soil slope, rain-induced slope instability 
 
I.  INTRODUCTION 
It was very common in tropical region that the balance of a 
natural soil slope is disrupted by a heavy rainfall. Infiltration of 
rainwater into a soil increases pore-water pressure in the soil 
and hence, the reduction of the shear strength of soil due to 
decreasing effective stress and suction. When the shear strength 
on a plane of a soil slope decreases below the mobilized shear 
stress along the plane, the soil mass above the plane may slide 
along the plane (Reddi, 2003; Zhang et al. 2005). This failure 
mechanism can be accelerated by the existence of cracks in soil 
slope that cause to decrease the shear strength and to increase 
the hydraulic conductivity of unsaturated soil (Rahardjo et al. 
2000). Significant research works have been conducted on the 
effect of tension cracks on soil stability (Chowdhury & Zhang, 
1991; Yao et al., 2001; Li, 2009). However, limited research 
work can be found on the influence of deep-cracks on soil 
slope stability. Lack of effective geotechnical techniques to 
investigate and identify the geometrical shape of deep cracks in 
a slope could be one of the reasons (Gofar et al. 2006). One 
promising application of geophysical methods, used by 
geologists for sub-soil exploration, is Electrical Resistivity 
Tomography (ERT) which provides an electrical resistivity 
image of subsurface. ERT can be used to identify different soil 
layers including deep cracks. Colangelo et al. (2008) used ERT 
to investigate the characteristics of the deep cracks in a soil 
slope.  
Prior to stability analysis of a natural slope, it is important 
to conduct field investigation to identify deep cracks in the soil 
slope and their characteristics. The stability analysis of a slope 
with unidentified deep cracks may lead to significant 
consequences. The analysis of rain-induced slope instability is 
a transient process. Therefore, the transient seepage analysis of 
the slope subjected to rainfall is essential to obtain the pore-
water pressures in the slope for its stability analysis. The other 
parameters required for the analysis include slope geometry, 
ground water table, soil stratification, soil water characteristics 
curves saturated/unsaturated shear strength, and 
saturated/unsaturated hydraulic conductivity which can be 
obtained from field investigations and from laboratory tests on 
the sample collected in the field. 
In this study, prior to rain-induced failure of a natural slope 
in Indonesia, the field investigations were conducted in the 
slope to obtain deep crack characteristics, geometrical 
parameters, soil stratification, and soil samples for laboratory 
measurements of saturated/unsaturated soil properties. The 
slope was modeled in SEEP/W (finite element method) without 
deep cracks (case 1) and with deep cracks (case 2), followed by 
transient seepage analyses which were conducted by applying 
the recorded rainfall during the slope failure. The slope’s factor 
of safety (FOS) variations during the rainfall was calculated for 
both cases using SLOPE/W (general limit equilibrium method) 
coupled with the transient seepage analysis. The results were 
then compared with stability of the slope at the time of failure.  
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II. FIELD INVESTIGATION 
For this study, a natural residual slope located in Jombok 
Village, Ngantang City, East Java Province, Indonesia (Fig. 1) 
was chosen because this area experiences very high average 
annual rainfall (Lavigne and Suwa 2004; Syahbuddin & 
Wihendar 2010) and has a history of rain-induced failures of 
slopes associated with deep cracks (Rahmansyah, 2010).  
From May to June 2010, the slope along BB’ (Fig. 1) was 
investigated by performing three bore-hole tests, conducting 
Electrical Resistivity Tomography (ERT), collecting 
undisturbed samples and doing a field survey. The results of 
ERT are shown in Fig. 2. The areas shown in blue color have 
very low resistivity suggesting high water content and high 
porosity. Considering the porosity, SPT, and water contents 
obtained for the bore-hole tests result in the regions shown in 
blue color in Fig. 2, these zones were identified as weak layer 
due to the existence of deep cracks in the slope. The deep crack 
is then assumed lies along the center line of the blue color zone 
(Suryo et al., 2011).  
Based on the ERT results shown in Fig. 2, the bore-hole 
tests data (SPT), the results of laboratory soil classification and 
the soil property tests of approximately two main soil layers 
can be identified in the sub-soil along BB’ (Fig. 3). The blue 
color zones with possible deep crack in its center line were 
termed as “weak layer” in Fig. 3. 
 
 
Figure 1.  Location of the selected natural slope 
 
 
 
Figure 2.  ERT result from the observed slope 
 
Figure 3.  Cross section of the slope along BB’ 
B 
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TABLE I.  SOIL LAYERS CHARACTERISTICS 
Parameter Layer 1 Layer 2 Weak Layer 
Sand (%) 19.38 47.94 26.82 
Silt (%) 68.55 44.34 54.85 
Clay (%) 12.07 7.72 18.33 
LL 56.66 56.73 32.07 
PL 34.09 36.11 23.41 
IP 22.57 20.63 8.66 
Soil class. using USCS MH MH ML 
b (kN/m3) 17 20 10 
W (%) 36 38 43 
C (kPa) 22 24 5 
(degree) 18 27 10 
ksat (m/day) 2.3x10-3 8.6x10-3 8.6x10-1 
 
 
Figure 4.  Monthly rainfall record in year 2010 
 
Undisturbed soil samples taken from the bore-holes were 
tested in the laboratory to obtain the soil parameters given in 
Table 1. Grain size distribution and Atterberg limits obtained 
for representative soil samples in each layer were used to 
classify soils using Unified Soil Classification System (UCSC).  
The slope failure occurred along BB’ (Fig. 1) on the 31st 
October 2010 during rainfall. The recorded rainfall for the area 
(Jombok Village in Indonesia) in 2010 is shown in Fig. 4 
 
III. METHODOLOGY 
To examine the effect of deep cracks on the rain-induced 
slope instability, the stability (FOS) of the natural slope that 
was described in Section 2 was analyzed with and without 
cracks for the period of 142 days starting from the 12th June 
2010 when field tests were undertaken. The variations of the 
slope’s FOS with time were compared with the failure of the 
slope to understand the importance of deep cracks in slope 
stability.  
Since this slope investigation involved both unsaturated 
transient seepage analysis and the unsaturated stability 
analysis, unsaturated shear strength and hydraulic properties 
were needed. It is very common to predict them using soil 
water characteristic curve (SWCC), saturated shear strength 
and conductivity properties of the soil. In this study, SWCC 
was not measured for any soil type in the slope and therefore, 
the sample SWCCs available in SEEP/W which was used for 
transient seepage analysis in this study were assigned to the 
materials in the slope based on their classification according to 
the USCS.  
For the deep crack, SWCC and permeability function are 
assigned by using SWCC and permeability function proposed 
by Wang et al. (2011) as presented in Fig. 5 and Fig. 6, 
respectively. 
 
A. Seepage Analysis 
To obtain the pore-water pressure distribution in the slope 
for its stability analyses, the transient seepage analysis was 
conducted using SEEP/W (Geo-slope 2010). SEEP/W uses 
finite element methods to simulate 2-D flow under given initial 
and boundary conditions. The finite element (FE) meshes 
showed in Fig. 7 and 8 were used replicate slope in SEEP/W 
without and with cracks, respectively.  
 
 
Figure 5.  SWCC for a Crack (adopted from Wang et al., 2011) 
 
 
 
Figure 6.  Permeability function for a crack (adopted from Wang et al., 2011) 
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In the model slopes (FE meshes) shown in Fig. 7 and 8, the 
surface was defined as flux boundary where the recorded daily 
rainfall for the period of analysis was assigned. The left vertical 
boundary and the bottom boundary were considered as “no 
flow”. The right vertical boundary was defined as a unit 
hydraulic gradient boundary to represent that the amount of 
flux passing through the boundary at a particular suction is 
equal to the coefficient of permeability of the soil 
corresponding to that suction. The initial conditions (pore-
water pressures) in the slope were given based on the location 
of the water table that was monitored during the field 
investigation. The pore-water pressure below the water table is 
positive and increase linearly with the depth at a rate of 9.8 
kPa/m. It is negative above the water table and considered to be 
decreased linearly with the height (above the water table) at the 
negative rate of 9.8 kPa/m.  
The soil above the water table is unsaturated and its degree 
of saturation may change with the rainfall applied. To conduct 
seepage analysis of unsaturated slope subjected to rain water 
infiltration, the hydraulic conductivity of the soil should be 
defined as the function of the soil suction. Since the laboratory 
measured permeability functions of slope materials were not 
available, Fredlund and Xing method (Fredlund and Xing 
1994) available in SEEP/W was used to estimate the hydraulic 
conductivity function of each material using the assigned 
SWCC and the saturated hydraulic conductivity. The transient 
seepage analysis of the slope during rainfall will give the 
variation of pore-water pressures in the slope with time at all 
nodes in the FE mesh. 
 
Figure 7.  FE mesh without cracks (Case 1) 
 
Figure 8.  FE mesh with cracks (Case 2) 
Unsaturated transient seepage analyses were conducted on 
both model slopes (Case 1 & 2) for the period of 142 days 
starting from the 12th June 2010 applying the recorded rainfall 
during this period. The pore-water pressure values at all nodes 
in FE mesh were saved at every 24 hour period.  
B. Stability Analysis 
To analyze the stability of the slope during rainfall, the 
general limit equilibrium method available in SLOPE/W was 
used. To obtain the minimum safety factor of the slope under 
given conditions, a number of trial surfaces defined by the user 
are analyzed. In this study, auto locate method was used to 
define 2000 iterations of trail failure surfaces for each scenario.  
In the stability analysis, the unsaturated shear strength 
defined by equation (1) proposed by Fredlund & Rahardjo 
(1993) was used. 
 
߬ ൌ ܿ ′ ൅ ሺߪ௡ െ ݑ௔ሻ	tan߮′ ൅ ሺݑ௔ െ ݑ௪ሻ tan߮௕          (1)                          
 
Where τ ൌ  shear strength of saturated/unsaturated soil; 
cᇱ ൌ  the effective cohesion; σ୬ ൌ  total normal stress on the 
failure; φᇱ ൌ the effective friction angle; ሺuୟ െ u୵ሻ ൌ matric 
suction in the failure plane of the soil; uୟ ൌ pore-air pressure in 
unsaturated soil; u୵ ൌ pore-water pressure. φୠ ൌ the slope of 
shear strength vs. matric suction. 
b value for each soil layer was assumed to be the half of 
its	φᇱ. This could be a conservative assumption for typical soils 
(Rahardjo et al., 2000). Pour water pressure obtained from the 
transient seepage analysis was used to calculate the stability of 
the slope at every 24 hrs during the rainfall.  
IV. RESULT AND DISCUSSION 
Fig. 9 and 10 show the variation of Factor of Safety (FOS) 
of the slope without deep cracks (Case 1) and with deep cracks 
(Case 2), respectively, during the rainfall period from 12th June 
2010 to 31st October 2010.  
Furthermore, as shown in Fig. 9 and 10, the slope stability 
decreases with rain water infiltration into the soil. Water 
infiltration into the soil increases the pore-water pressure and 
decreases the suction and, consequently, the shear strength 
decreases making slopes unstable.  
When the deep crack exists in the slope, it becomes more 
unstable than the slope without cracks. Fig. 9 shows that all 
rainfall events did not affected the FOS significantly. In 
contrast, it can be seen at Fig. 10 that all rainfall event had 
decreased the FOS significantly. Deep cracks in the slope 
facilitate the rapid increase of pore-water pressure in the slope, 
allowing fast rain water infiltration into the slope and weaken 
the surrounding soil. Zhang et al. (2005) indicated that 30% 
increasing of moisture content can decrease the shear strength 
until 80% from the initial shear strength developed by 
compaction at the optimum moisture content. Further, failure 
surfaces are tends to go though these weaker zones (Wang et 
al., 2011).  
The natural slope investigated in this study failed at the end 
Oct. 2010. The stability analysis without considering deep 
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cracks shows (Fig. 9) that the slope is safe (FOS=1.324) during 
the time of actual failure, but the stability analysis considering 
deep cracks accurately gives a FOS very nearly to unity during 
this time (FOS=1.013). This emphasise the importance of 
identifying deep cracks in the slope and accurately modelling 
them in numerical analysis of slope stability.  
 
 
Figure 9.  Daily fluctuation of FOS of the slope with rainfall (Case 1: slope 
without cracks) 
 
Figure 10.  Daily fluctuation of FOS of the slope with rainfall (Case 2: slope 
with cracks) 
 
 
Figure 11.  Slip surface of minimum FOS in Case 1 
 
Figure 12.  Slip surface of minimum FOS in Case 2  
V. CONCLUSIONS 
The stability analysis of Jombok village landslide indicates 
that the main cause of the landslide was the deep cracks in the 
slope. The stability analysis without cracks (Case 1) gave high 
safety factor of 1.324 on 31st October 2010 indicating a safe 
slope. However, the slope failure occurred on the same day 
(31st October 2010). This concludes that serious consequences 
can be resulted when analyzing slopes stability without 
considering deep cracks. To perform a slope stability analysis 
which considers deep cracks, Electrical Resistivity 
Tomography (ERT) can be used to detect deep cracks in soil 
slopes with reasonable accuracy. 
ACKNOWLEDGMENT 
The authors would like to express their gratitude to Perum 
JASA TIRTA I, Malang, Indonesia for their contribution in 
providing the rainfall data records. 
. 
REFERENCES 
Chowdhury, R.N. and Zhang, S. (1991) Tension cracks and 
slope failure, Proc. International Conference: 27-32. 
Colangelo, G., Lapenna, V., Loperte, A., Perrone, A. and 
Telesca, L. (2008) 2D Electrical resistivity tomographies 
for investigating recent activation landslides in basilicata 
region (Southern Italy), Annals of Geophysics, 51: 275-
285. 
Fredlund, D.G. and Rahardjo, H. (1993) Soil Mechanics for 
Unsaturated Soils. New York: John Wiley & Sons, Inc. 
Fredlund, D.G. and Xing, A. (1994) Equations for the soil-
water characteristic curve, Canadian Geotechnical 
Journal, 31: 521-532. 
GEO-SLOPE International Ltd. (2010) Stability modeling 
with SLOPE/W 2007 version: An engineering 
methodology, 4th Edition.  
GEO-SLOPE International Ltd. (2010) Seepage modeling 
with SEEP/W 2007 version: An engineering 
methodology, 4th Edition. 
Gofar, N., Lee, L.M., and Asof, M. (2006) Transient seepage 
and slope stability analysis for rainfall-induced landslide: 
a case study. Malaysian Journal of Civil Engineering, 
18(1): 1-13. 
APSEC-ICCER 2012: First A. Author, Second B. Author and Third C. Author 
 
6 
ISSN XXXX-XXXX 
“Sustaining the World with Better Structures & Construction Practice” 
Lavigne, F. and Suwa, H. (2004) Contrasts between debris 
flows, hyperconcentrated flows and stream flows at a 
channel of Mount Semeru, East Java, Indonesia. 
Geomorphology, 61: 41-58. 
Li, J. (2009) Field experimental study and numerical 
simulation of seepage in saturated/unsaturated cracked 
soil. The Hong Kong University of Science and 
Technology. Hong Kong. PhD Thesis. 
Rahardjo, H., Leong, E. C., Deutsher, M.S., Gasmo, J.M. and 
Tang, S.K. (2000) Rainfall-induced slope failures,  
Geotechnical engineering monograph 3, NTU-PWD 
Geotechnical Research Centre, NTU, Singapore. 
Rahmansyah, A. (2010) Laporan kemajuan hibah kompetitif 
penelitian strategis nasional batch-1. Unpublished 
document. FTUB.  
Reddi, L.N. (2003) Seepage in soils. New Jersey: John Wiley 
& Sons, Inc. 
Suryo, E.A., Gallage, C., Trigunarsyah, B., Mochtar, I.B. and 
Soemitro, R.A.A. (2011) Application of electrical 
resistivity method to detect deep crack in unsaturated 
residual soil slope. Proc., 5th Asia-Pacisif Conf. on 
Unsaturated Soils (AP-UNSAT 2011), Kasetsart 
University, Pattaya, Thailand, 901-906. 
Syahbuddin, H., and Wihendar, T.N. (2010) Anomali curah 
hujan periode 2010 – 2040 di Indonesia. Deptan RI. 
<http://balitklimat.litbang.deptan.go.id.> (August 2, 
2010).  
Wang, Z.F., Li, J.H. and Zhang, L.M. (2011) Influence of 
crack on the stability of a cracked soil slope. Proc., 5th 
Asia-Pacisif Conf. on Unsaturated Soils (AP-UNSAT 
2011), Kasetsart University, Pattaya, Thailand, 721-728. 
Yao, H.L., Zheng, S.H., and Chen, S.Y. (2001) Analysis of the 
slope stability of expansive soil considering cracks and 
infiltration of rainwater, Chinese Journal of Geotechnical 
Engineering. 23(5): 606-609. 
Zhang Z., Tao M. and Morvant, M. (2005) Cohesive slope 
surface failure and evaluation, Journal of Geotechnical 
and Geoenvironmental Engineering, ASCE: July: 898-
906. 
 
 
